the hydrocarbon oil is readily degradable, but that the emulsifying agent is much more resistant to 23 degradation. The results showed that the COD (chemical oxygen demand) removal rate was 24 affected by the Photo-Fenton parameters (Fe 2+ , H 2 O 2 concentrations and the initial pH) of the 25 aqueous solution. In addition, the applicability of the treatment method to a 'real' wastewater 26 contaminated with hydrocarbon oil is demonstrated. The 'real' wastewater was sourced at a nearby 27 ____________________ 28
INTRODUCTION 42
As a result of human activities, there are many accidental discharges of hydrocarbon oil to the 43 natural environment during its processing, transportation and storage. For example, it is estimated 44 that, in US alone, at least 2 million litres of petroleum are spilled annually.
[1] Oil-spills cause many 45 problems in the environment depending on the volume of the oil spilled.
[2] For instance, water 46 resources as well as habitats where fish, birds, and other wildlife live can be damaged.
[3] To address 47 this problem, oil wastewater treatment methods traditionally have included phase-separation and 48 skimming, evaporation, filtration and dissolved air flotation. However, these methods transform the 49 pollutants from one phase to another without mineralizing them. In other words, these methods are 50 non-destructive and generate lower volumes of more concentrated waste. Furthermore, these 51 methods are also less effective in removing the smaller oil droplets and emulsion. [4, 5] 52 53 Advanced oxidation processes (AOPs) have emerged as alternative wastewater treatment methods 54 which are environmentally friendly producing harmless end-products such as CO 2 and H 2 O 2 . AOPs 55 are in-situ treatment processes characterized by the generation of highly reactive intermediates (OH 56 radicals) which can oxidise the target organic pollutants.
[6] Photo-Fenton's reagent is one of the 57 hydroxyl radicals. The Photo-Fenton reaction occurs in two steps: 59
60
(1) Fe 2+ ions are oxidized by H 2 O 2 producing OH radicals and Fe 3+ ; 61 (2) Fe 3+ is then reduced again to Fe 2+ by the effect of UV light to produce more ˙O H. [7] 62 63
Photo-Fenton's reagent is one of the more widely applied AOPs since it is effective in treating 64 different kinds of wastewater. For instance, Rivas et al. [8] investigated the treatment of the olive oil 65 mills wastewater by Fenton's reagent and the result was a positive influence on TOC (total organic 66 carbon). In addition, the treatment of the complex oily wastewater obtained from a lubricant 67 production using Fenton's reagent in the presence of the ultraviolet light was investigated by 68
Philippopoulos and Poulopoulos.
[9] Moraes et al.
[10] applied the Photo-Fenton process in the 69 treatment of the wastewater contaminated with hydrocarbons using model raw gasoline oil. The 70 impact of hydrogen peroxide, iron and sodium chloride concentrations on process performance was 71 evaluated using the TOC technique; their results demonstrated that the Photo-Fenton process is a 72 feasible treatment process for this wastewater. Coelho et al., [11] concluded that a satisfactory 73 treatment by the Photo-Fenton treatment process was obtained in the case of a petroleum refinery 74 wastewater, achieving over 80% reduction in DOC (dissolved organic carbon). The treatment of the 75 contaminated wastewater with gasoline by the Photo-Fenton method was carried out by Galvao et 76 al. [12] , resulting in the TOC removal of 99% compared with 71% when the UV/H 2 O 2 process was 77 used. 78
79
The concentrations of the ferrous ions (Fe 2+ ), hydrogen peroxide (H 2 O 2 ) and the pH of the 80 wastewater are the most important factors in determining the efficiency of the Photo-Fenton 81 treatment process. Optimization of these parameters is an obvious research goal. A statistical 82 technique known as the response surface methodology (RSM) was used to optimize these variables. 83 [13] RSM has previously been applied to optimize the Photo-Fenton treatment process in the 84 treatment of contaminated soil and wastewater. [14, 15, 16] 
85
The study presented below describes the application of the Photo-Fenton reagent to the 86 mineralization of a synthetic diesel-oil wastewater emulsion and a 'real' car-wash wastewater 87 contaminated with diesel oil. The effect of the reaction operating conditions was investigated and 88 the RSM methodology was used to maximize COD removal rates. 89
90

MATERIALS AND METHODS 91
Materials 92
Commercial diesel oil was used as the model pollutant using sodium dodecyl sulphate (C 12 H 25 Na 4 S) 93 emulsifier to prepare the oil-water emulsion. Car-wash wastewater collected at a petroleum filling 94 station was the source of the 'real' wastewater effluent. Oxidation experiments were performed on the synthetic oil-water emulsion obtained by adding 2.5 101 mL of 0.1 g/L emulsifier solution to 1L of distilled water to which a 100 mL of diesel oil was added 102 gradually while stirring. The resulting emulsion was then stirred using a magnetic stirrer for 24 103 hours and left to stand for 1 hour to ensure separation of the non-dispersed oil in the water. 
Experimental Procedure 119
The experiments were carried out in a batch mode at laboratory-scale using a 250 mL beaker. 120
Firstly, to produce the hydroxyl radicals, ferrous ions were added to a 200 mL sample of the 121 wastewater. The Fenton reaction was then enhanced by adding hydrogen peroxide. In the case of 122 the experiments where the effect of the pH was examined, the pH of the emulsion was adjusted by 123 adding sulphuric acid before Fenton's reagent was added. Thereafter, the mixture was subjected to 124 magnetic stirring and UV radiation (254nm wavelength), as illustrated in These observations are in accordance with that obtained by Moraes et al. [17] and Galvao et al. [12] 154 155
Effect of the Initial Emulsion Concentration 156
The effect of the initial concentration of the oil-water emulsion on its photo-catalytic degradation is 157 shown in Fig. 3 . It is clear from removal. This observation of increasing the photo-catalytic reaction rate with decreasing the initial 165 pollutant concentration was also reported by Najjar et al., [19] in the photo-catalytic degradation of 166 the nitrophenol. 167 168
Effect of Iron Concentration 169
Photo-Fenton treatment of the emulsion was undertaken at different Fe 2+ concentrations (10-100 170 mg/L) to examine the role of Fe 2+ concentration in the Photo-Fenton degradation process. The 171 results in Fig. 4 show that the mineralization rate increased with Fe 2+ concentration, the optimal 172 value being 40mg/L which results in a 60% removal of COD after 150 minutes of reaction time. 173
Iron concentrations above this optimal value result in reduced process performance because more 174 species of iron ions are produced rather than the more useful · OH radicals. This finding is in 175 agreement with the previous observation of Kositzi et al. process. However, at higher peroxide concentrations, the excess hydrogen peroxide can act as an 184 · OH scavenger, forming HO · 2 , which is also a free radical produced in-situ from the H 2 O 2 but is a 185 less reactive oxidizing agent and therefore has a longer life time than the · OH and the result is a 186 reduction in the overall reaction rate. [21] [22] [23] 187 188
Effect of the Initial pH 189
As the effect of the pH plays an important role in the Photo-Fenton treatment process, its 190 dependence was studied by varying the initial pH of the emulsion.
[12, 20, 24, 25] The natural pH of the 191 oil-water emulsion was 8.5. In this study, pH in the range 2 to 8.5 was examined. The natural pH of 192 the wastewater was altered by adding sulphuric acid. It is clear from the results in Fig. 6 that the  193 performance of the Photo-Fenton process is highly dependent on the initial pH of the aqueous 194 emulsion. The optimal performance was found to be at the pH of the emulsion without any 195 adjustment. These results imply that the initial pH plays an important role in the initiation of the 196 reaction intermediates. In other words, pH is the controlling parameter in the hydrogen peroxide 197 decomposition; at very low pH, the peroxide decomposes slowly and the reaction rate becomes very 198 slow.
[24]
199
The optimal pH value found in this case accords with the findings of Philippopoulos and 200 Poulopoulos [9] who found that an alkaline pH was most effective in the Fenton treatment process of 201 wastewater polluted with phenol solution. However, Paterlini and Nogueira [7] found that an acidic 202 pH (2.5) was best for the treatment of an herbicide solution. Moreover, Kang and Hwang also found 203 the pH in the range 2.5-4 to be the most efficient pH for the treatment by Fenton's reagent of the 204 landfill leachate.
[25] Thus, it is reasonable to conclude that the optimum pH for Photo-Fenton 205 wastewater treatment is very dependent on the wastewater composition. 
STATISTICAL ANALYSIS OF PHOTO-FENTON PROCESS 223
Optimization of the Photo-Fenton treatment process (by determining the optimum of the 224 independent variables; Fe 2+ , H 2 O 2 and pH) to degrade the oil-water emulsion was conducted using 225 the response surface methodology (RSM) design. [13] As indicated in Table 1 , fifteen sets of 226 experimental data were used in the numerical analysis. A Box-Behnken factorial design and 227 analysis of the experimental data was undertaken. [13] In the numerical analysis (see Table 1 analysed by performing the analysis of variance (ANOVA) using the Statistical Analysis System 231 (SAS) [26] and fitted with a second-order polynomial model. The following response function (1) 232 was used to correlate the dependent and independent variables in the response surface: 233
where S is the predicted response (COD removal, %); the model regression coefficients are:  0 the 235 constant coefficient,  i the linear coefficients,  ii the quadratic coefficients and  ij are the model 236 regression coefficients; X i and X j are the independent variables. Mathematica software version 5.2.was used to obtain the optimum conditions for the operating variables and for the COD percentage 238 removal. The response surfaces of two-dimensional contour plots and three-dimensional curves 239 were developed using MATLAB 7 software. The experiments were planned and conducted 240 according to the three-level factorial Box-Behnken design [13] as presented in 
245 Table 2 In general, the larger the magnitude of the F and the smaller the value of P (the probability of 258 exceedance of F) the more significant is the corresponding coefficient term. The model is 259 significant when the P-value is less than 0.05. [13, 26, 27] Examination of the table shows that the 260 model is highly significant as the Fisher F-test is 8.476 with a low probability (P) of exceedance 261 value of 0.0149. The high correlation coefficient (R 2 ) of 0.94 demonstrates how well the model fits 262 the experimental data (as shown in Fig. 8) , the model being rejected if the R 2 value is less than 0.8. 263 [13, 26] By fixing one parameter at its zero level, it was possible to graphically represent the 264 relationship between the percentage COD removal and the other two independent variables using 265 MATLAB 7.0 (Figs. 9-11 
